1. Introduction {#s0005}
===============

New micromobility options, in particular the advent of dockless shared e-scooters are proliferating throughout the world. Their introduction poses challenging questions for cities and transportation planners regarding their usage, their contribution to the transportation network, and their externalities. When and where are they used? Are they used for specific activities? Are they primarily a recreational mode, fun to use but not useful as a substitute for established transportation modes? Do they serve as a last-mile connection to transit? To examine some of these issues we present a comprehensive analysis of spatial factors associated with shared e-scooter usage in Austin, Texas.

E-scooter sharing services were first introduced to the US in September 2017 ([@b0135]) and in many cities their use exceeds that of bikesharing. Few studies have examined shared e-scooter usage patterns, though the literature is growing. A large literature on bike-sharing serves as a model for how to analyze e-scooters, though usage patterns seem to be very different ([@b0225]). In contrast to bikesharing, e-scooters do not require physical effort or cycling skills; bike-friendly clothing is also not needed. Usage is more flexible since users are not restricted to pick-up and drops-offs at docking stations, as with most bikeshare services in the US.

An emerging literature on shared e-scooters has focused on travel behavior ([@b0025], [@b0155], [@b0185], [@b0195], [@b0225], [@b0245]), safety concerns ([@b0010], [@b0020], [@b0040], [@b0190], [@b0255], [@b0260], [@b0285]), and environmental impacts ([@b0150]).

Travel behavior studies suggest that shared e-scooters are not used as a commute mode ([@b0185], [@b0195], [@b0225]), or as a last-mile solution ([@b0185], [@b0330]). For example, in Washington, D.C., shared e-scooter usage patterns suggest that usage is for leisure, recreation, and tourism activities, while bikesharing is used for commuting ([@b0195]). Shared e-scooters may satisfy short central city trip needs in Louisville, Kentucky ([@b0225]) and short-distance errands in Indianapolis, Indiana ([@b0185]). A study focusing on Austin, Texas, and Minneapolis, Minnesota, suggests that shared e-scooters are mainly being used in city centers and university campuses ([@b0025]). In Austin, Texas, e-scooter usage is correlated with high population density, lower income areas, and areas with higher educational attainment ([@b0155]), as well as those areas with recreational uses ([@b0025]). A major shortcoming of bikesharing is its broad failure to generate trips in low socio-economic areas ([@b0060]). While about a quarter of the docking stations in the US are located in low-income neighborhoods ([@b0265]), dockless sharing is capable of serving the entire city. In some cases, local regulations obligate operators to distribute e-scooters in low socio-economic regions ([@b0245]). A pertinent question is whether dockless e-scooters can better serve low socio-economic communities than docked bikeshare? Interestingly, previous studies concluded that low-income regions generate more e-scooter trips in Austin ([@b0025], [@b0155]), but not in Minneapolis ([@b0025]), Washington D.C. ([@b0195]), or Portland ([@b0245]).

In this study, we examine the usage of e-scooters in Austin, Texas, one of the three US cities with the most e-scooter usage ([@b0220]). Dockless sharing systems were deployed in Austin, Texas, in April 2018 ([@b0275]). As of June 2019, seven companies operated about 3400 e-scooters and 8500 supplemental e-scooters in Austin, alongside 550 dockless e-bikes and 500 docked bicycles ([@b0205]). As of March 2020, there have been over nine million dockless trips in Austin, and most of them are e-scooters ([@b0070]).[1](#fn1){ref-type="fn"}

Our study focuses on the central part of Austin, as e-scooter trips are clustered there ([@b0025], [@b0155]). We extend prior work in this area by accounting for spatial correlation in our analysis. We explore how people use e-scooters in different regions of the city, inferring what people use them for, and how the built environment, land use, and other spatial factors influence usage. First, we review the relevant literature. Second, we explain our data sources followed by a discussion of descriptive statistics. We then explain our spatial econometrics methodology. Results are presented and we conclude with a discussion of these results.

2. Literature review {#s0010}
====================

Research into e-scooter travel behavior is limited. However, bikeshare systems can offer some lessons for how e-scooters might be used and how to interpret the data. Substantial research has evaluated the travel behavior associated with these systems, usually by analyzing trip patterns. Commute trips are a common bikeshare trip purpose as are other utilitarian purposes ([@b0105]). Spatial analyses show that bikeshare trips are commonly taken from residential areas to commercial areas, central business districts (CBDs), employment centers, and train stations in the morning, and back to residential areas in evenings ([@b0085], [@b0095], [@b0090], [@b0175], [@b0230], [@b0280], [@b0305]). Usage patterns also show a morning and evening peak, reflective of commute trips; weekend usage tends to not show this pattern ([@b0005], [@b0030], [@b0125], [@b0160], [@b0180], [@b0280], [@b0305]). Most docked systems allow one to either have a subscription (providing various discounts) or can be used in a pay-per-ride ("casual") fashion. Casual users typically do not seem to follow a daily commute pattern ([@b0005], [@b0160]).

Dockless bikesharing systems seem to serve a different customer base than docked systems. Trips are shorter than docked bikesharing trips and resemble casual docked bikeshare usage ([@b0195], [@b0200]). The evidence regarding e-scooters' trip purposes is mixed, with surveys suggesting that commuting is an important trip purpose, and analyses of trip patterns suggesting otherwise. Commuting is the second most common reported reason for shared e-scooter use in Baltimore, Maryland (25%), after socializing (36%) ([@b0320]). Surveys from Denver, Portland, and Baltimore show that commuting and recreation are equally important e-scooter trip purposes ([@b0220]). However, overall trip patterns of e-scooters seem similar to trip patterns for casual docked bikeshare users and dockless bikeshare users in studies of Indianapolis, Indiana, Louisville, Kentucky, and Washington, D.C. ([@b0185], [@b0195], [@b0225]). The discrepancy between survey results and analyses of trip patterns may partly be a function of scale or land use patterns (the systems in Indianapolis and Louisville perhaps differing from systems in larger cities).

Bikesharing is disproportionately used by affluent individuals ([@b0035], [@b0115], [@b0215]). Bikeshare stations in low-income areas are used less than others ([@b0060], [@b0175], [@b0235], [@b0250]), and these areas tend to have fewer stations ([@b0130], [@b0265]). In the US, bikeshare users are mainly white, educated, employed, young, and male ([@b0050], [@b0105], [@b0110], [@b0165], [@b0300]). E-scooter users may have different demographic characteristics; in Baltimore, the e-scooter sharing participation rate is highest among Hispanics and lowest among African Americans ([@b0320]). Seventy-one percent of Portland's people of color and 74% of the low-income population in the city view e-scooters positively ([@b0245]).

3. Data {#s0015}
=======

The City of Austin provides an open data platform that provides daily updates on dockless e-scooter trips ([@b0070]) in addition to bikesharing trips. Downloadable data includes departure and arrival times, locations (with about 100-meter precision), trip lengths and durations, vehicle type (e-scooter or bicycle), and vehicle ID. Operator and user ID's are not included. We downloaded data on March 27th, 2019.[2](#fn2){ref-type="fn"}

The entire downloaded dataset included 3,826,545 dockless trips, 96.1% of which are e-scooter trips. We cleaned the data by removing trips that may have been recorded due to relocation of e-scooters or GPS failure, including trips longer than 80 km or 12 h, trips with an average speed higher than 50 km/h, and trips starting or ending more than 80 km from Austin. Thus, we removed 416,493 e-scooter trips (11.3%). [Fig. 1](#f0005){ref-type="fig"} displays daily trip counts for the data downloaded. For our analysis we only include trips between August 15th, 2018, and February 28th, 2019, excluding trips during the startup of service and during the days around the "South by Southwest" festival in Austin (March 8th -- 16th), which were characterized by high usage of nearly 50,000 trips on one day. This leaves us with 2,237,588 e-scooter trips, or 60.8% of the e-scooter trips in the dataset.Fig. 1Daily trip count from April 2018 -- March 2019 for shared e-scooters in Austin, TX. The period examined in our study -- August 16th, 2018 to February 28th, 2019, is shaded.

To conduct a spatial analysis, we further refined the dataset by overlaying a grid of cells on the point locations. The location coordinates within the data are decimal degrees with three decimal places, and their projection creates a grid of points with a distance of 0.001° (about 100 m) from each other. Based on these points, we created a square grid cell of 0.002° (\~200 m), where each cell includes four origin/destination location points. The size of the cells can affect the characteristics of each analysis unit and therefore the results of the analysis -- this problem is well known in the science of spatial analysis and is known as the modifiable areal unit problem (MAUP)[3](#fn3){ref-type="fn"} . We believe that a 200 m square grid cell is a reasonable trade-off between more precise locations and computational effort, and provides a better representation of the built environment.

Additional spatial data was obtained from the City of Austin, the U.S. Census Bureau, and the State of Texas. From the City of Austin, we retrieved data on land use ([@b0075]), and street network ([@b9000]). We used the land use polygons to calculate the proportion of residential, commercial, educational, institutional, industrial, and recreational land uses in each grid cell. Commercial land use includes mixed residential-commercial buildings and thus can account for populated areas as well. We also calculated the land use entropy, a measurement for the diversity of land uses in each grid cell, using an entropy formula: $\mathit{Entropy} = \left\{ {- \sum_{k}\left\lbrack {\left( p_{i} \right)\left( {\ln p_{i}} \right)} \right\rbrack} \right\}/{(\ln k)}$ in which *p~i~* is the proportion of each land use and *k* is the number of land uses measured ([@b0270]); scaled from zero to one, this index increases as land use mix increases within a grid cell.

We used the street network to calculate the intersection density, a proxy for shorter paths, on average, between origins and destinations. For each cell, we created a 0.002° (200 m) buffer and divided the number of intersections in the buffer by its area in square kilometers. A buffer is required to more accurately measure intersection densities given the high variability between cells. For example, this is demonstrated in [Fig. 2](#f0010){ref-type="fig"} which shows a cell with no intersections, but many intersections in the surrounding cells. By using the buffer, we calculate that the intersection density is 51.2 per squared kilometer, providing a better representation of the dense grid-like environment of the immediate area.Fig. 2Intersections in a 200-m buffer around grid cells. The intersection density in the buffered cell is 51.2 intersections per squared kilometer.

From the State of Texas, we obtained bus stop locations. We used this data to create a dummy variable that indicates whether there are bus stops in the cell ([@b0080]). From Open Street Maps (OSM), we retrieved Austin's bicycle network and created a dummy variable to indicate the existence of any bike lane within a cell ([@b0240]). OSM-sourced bikeway datasets have been found to have high concordance with city-provided bikeway datasets in Canada ([@b0100]), USA, and Europe ([@b0145]), and is sometimes more up-to-date than the city's dataset ([@b0100]).

From the U.S. Census Bureau, we obtained socio-demographic data. The Census Block (CB) and Census Block Group (CBG) polygons were retrieved from Topologically Integrated Geographic Encoding and Referencing ([@b0065]). From the 2017 American Community Survey (ACS) 5-year estimate we obtained CBG statistics on median annual income by household, total population, and the number of college students ([@b0290]). From Longitudinal Employer-Household Dynamics (LEHD) we retrieved the number of employees by CB ([@b0295]). We calculated the values of median annual income, population density, student ratio, and employment density for each CB/CBG and gave each cell the value of the CB/CBG it falls in. When a cell overlaid more than one CB/CBG, the value of each CB/CBG was multiplied by its proportional area in the cell. Due to a high correlation between population density and other variables such as student ratio and employment density we decided not to include population density in our analysis.

Finally, we calculated the distance (in meters) of each cell's centroid to the city center. We selected the intersection of Congress Ave. and 11th St. to act as the city center point. Congress Ave. is the main commercial street between the Colorado River and the Texas Capitol grounds. Eleventh St. divides the government district from the downtown commercial district of the city.

The polygon grid that we created includes 17,490 cells over the entire municipal area of Austin. About 62% (10,837) of the cells had no trip origins or destinations in their area, and 2921 (16.7%) cells had less than ten trip departures and arrivals in total. Trips were highly concentrated in the urban core, with about 95% of the trips starting and ending in just 5% of the city area. In our spatial analysis we use only those cells within 0.035° (\~3500 m) of our city center point. This includes 7.7% (1342) of the grid cells in Austin with 93% of the trip origins (2,085,731) and destinations (2,079,650), and only 1.5% (20) cells with zero trips. We excluded 16,148 more distant cells with a total of 151,179 (6.8% of all trips) trip origins and 157,002 (7.0%) trip destinations. Sixty-seven percent (10,821) of the excluded cells had no trip origins or destinations between August 16th, 2018 and February 28th, 2019. This was done to minimize issues with excessive zero counts in our data. Thus, our findings are valid for Central Austin and not the entire city.

4. Descriptive statistics {#s0020}
=========================

A summary of trip statistics is shown in [Table 1](#t0005){ref-type="table"} for trips taken between Aug 16th, 2018, and Feb 28th, 2019. The average number of trips per day is 11,358, with a range between 976 and 23,417 trips per day. On weekends and holidays, the average number of trips was 12,277 trips per day, while during weekdays only 10,895 trips on average were made. Based on vehicle IDs, there were 28,502 e-scooters deployed over this time span. As shown in [Table 1](#t0005){ref-type="table"}, the median trip duration was 6.6 min, the median distance was 971 m, and the median speed was 8.4 km/h.Table 1Summary of trip statistics between Aug 16th, 2018 and Feb 28th, 2019.AllWeekdaysWeekends & holidaysMornings (7 AM--10 AM)Evenings (4 PM--7 PM)Trips2,237,5881,427,282810,306182,005396,853Trips %100%64%36%8%18%Avg. trips per day11,35810,89512,2779241877Median trip distance (meters)9719171094869996Median trip duration (minutes)6.65.928.584.986.6

Hourly trips on weekdays are characterized by a morning peak around 9 AM, a slight decline around 10 AM, and then higher usage rates between 12 PM and 6 PM. These patterns are shown in [Fig. 5](#f0025){ref-type="fig"}. Hourly weekend and holiday trip distribution are characterized by one peak around 3 PM. These patterns suggest that shared e-scooters are serving morning commutes, but also many other trips purposes later in the day.

Geographically, there are two areas with substantially higher usage: one in downtown Austin and the other at the University of Texas campus and the adjacent West University neighborhood. High usage is also visible in the area surrounding these areas, in the Bouldin neighborhood, Riverside neighborhood, the Mueller neighborhood, and in the Domain mall in north Austin (see [Fig. 3](#f0015){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"} ). There are few differences between origin and destination locations. [Fig. 6](#f0030){ref-type="fig"} shows the concentration of trip destinations for all of Austin; the demarcated central area is the focus of our multivariate analysis. This spatial pattern is also valid for weekday, weekend and holiday, weekday morning (7AM--10AM), and weekday evening (4PM--7PM) trips.Fig. 3Neighborhoods in Austin, Texas. Source: City of Austin, Geospatial Services -- Data Development.

We show the spatial distribution of two of our demographic variables in [Fig. 4](#f0020){ref-type="fig"} . Lower income areas tend to be on the eastern side of the city, with the wealthiest neighborhoods in the northwest. Higher student populations overlap with some of the lower-income areas but are generally near the University of Texas campus. These variables are discussed further in our spatial analysis.Fig. 4Median Annual Income and Student Ratio by Census Block Group in central Austin.Fig. 5Hourly trip distribution on weekdays and on weekends/holidays.Fig. 6Trip destinations distribution by 200 sq. meter grid cells in Austin, TX, between August 16th, 2018 and February 28th, 2019. Trip destination classes were determined by ArcGIS -- the intervals follow a geometric series to highlight extreme cases and show the variation in the city center.

5. Methods {#s0025}
==========

Our key research question focuses on understanding the patterns of e-scooter usage. Are these used for commute trips or recreation? Do they serve various trip types, such as short trips? Consistent with work on bikesharing, our purpose is to explore whether these issues can be determined from trip patterns and spatial analysis.

As previously indicated, we examine the central area of the city. We overlay this with grids and determine the total e-scooter check-outs (departures) and returns (arrivals) in each grid cell. We have 1342 grid cells of 200 × 200 meters (0.002° × 0.002°), about 40,000 square meters per cell.

A Moran's *I* test showed that both departure and arrival values are spatially autocorrelated, hence there is a need for a spatial regression to account for unobserved spatial phenomena that are associated with e-scooter usage. We estimated a Spatial Lag model and Spatial Durbin model. In a Spatial Lag model, $y_{i} = \rho W_{\mathit{ij}}y_{j} + x_{i}\beta_{k} + \varepsilon$, where $\rho$ is a spatial autoregressive coefficient, and W is a spatial weights matrix ([@b0015]). In this model, the value of *y~i~* depends on the value of *y~j~* and vice versa. In a Spatial Durbin model, $y_{i} = \rho W_{\mathit{ij}}y_{j} + x_{i}\beta_{k} + W_{\mathit{ij}}x_{j}\theta_{k} + \varepsilon,$ where $\rho$ and $\theta$ are spatial autoregressive coefficients, and *W* is a spatial weights matrix. Spatial Durbin models include the spatial effect of the independent variables $x_{j}$ ([@b0210]). We used a contiguity-based weights matrix which allows bordering cells to influence the outcome variable.

Both the Spatial Lag and Spatial Durbin models are linear models and require a normally distributed dependent variable. Our dependent variable, however, is count data, typically estimated with a Poisson or Negative Binomial model. As previously indicated, we focus only on the central part of the city, thus we remove most cells with zero counts. We add one to each dependent variable and take the natural logarithm of the value, thus approximating a normal distribution, allowing us to estimate linear models. We log-transform the independent variables as well for consistency and ease of interpretation. We add one to the values of variables prior to the log transformation, thus avoiding dropping zero values.

We also estimate Geographically Weighted Regression (GWR) models. This model performs a series of local linear regressions, and provides a unique regression coefficient for each cell in our grid ([@b0120]). Each local regression includes the cells within a specified bandwidth. We used the ArcGIS Desktop 10.5.1 GWR tool which computes the optimal fixed bandwidth length based on Akaike Information Criterion. The bandwidth length used was 3430 m. The GWR model is a more flexible model formulation and provides an interpretation of the variability of coefficient estimates in our study area. We examine how the income coefficient varies across space, providing us with more information on how the income of an area is associated with e-scooter trips.

We model both trip departures (i.e., trip generation) in each cell and trip arrivals. The latter provide a closer link between the user's destination and the associated land use and other spatial features. For trip departures, the user will often need to walk to where an e-scooter is located, leading to less linkage between the spatial factors and the trip starting point, though this would probably be only a minor issue. To obtain a normal distribution we estimated a log-linear model, i.e., the dependent variable is the logarithm of arrivals while the independent variables were not logged.

6. Results {#s0030}
==========

We analyzed data for different times of day, as well as for all trips. There are some minor differences in effect size and significance between the Spatial Lag and the Spatial Durbin models. We present both; however, the Spatial Durbin model has a slightly higher psuedo-R^2^ and we focus on those results. Most estimates are similar among the different times of the day and the week, except for our weekday morning commute model (i.e., those trips starting between 7am and 10am). We present results for departures ([Table 2](#t0010){ref-type="table"} ) and arrivals ([Table 3](#t0015){ref-type="table"} ) for all trips and just morning trips for both a Spatial Lag and Spatial Durbin model.Table 2Spatial Lag and Spatial Durbin Log-Log regression results for trip origins.Dependent variable:Log of all departure\
Spatial LagLog of all departures\
Spatial DurbinLog of morning departures (7 am -- 10 am)\
Spatial LagLog of morning departures (7a m -- 10 am)\
Spatial Durbinβ$\theta$β$\theta$Independent:Coef.t-statCoef.t-statCoef.t-statCoef.t-statCoef.t-statCoef.t-stat(intercept)1.5662.37\*\*2.4232.93\*\*\*1.7542.66\*\*\*2.5933.09\*\*\*Log of percent residential land use (0--1)0.6712.94\*\*\*1.4034.64\*\*\*−1.393−2.78\*\*\*0.3641.571.0013.22\*\*\*−1.319−2.56\*\*\*Log of percent commercial land use (0--1)0.7152.06\*\*1.8914.45\*\*\*−3.100−4.01\*\*\*0.6251.78\*1.5733.60\*\*\*−2.835−3.56\*\*\*Log of percent institutional land use (0--1)0.1720.560.0420.110.6220.92−0.136−0.44−0.288−0.720.4540.66Log of percent educational land use (0--1)0.5101.84\*0.6551.74\*−0.186−0.300.2000.710.1380.360.0960.15Log of percent industrial land use (0--1)1.2122.26\*\*1.7062.72\*\*\*−1.286−1.161.0041.84\*1.5212.36\*\*−1.633−1.43Log of percent recreation land use (0--1)0.3351.400.5391.75\*−0.661−1.28−0.132−0.540.1900.60−0.871−1.64Bikeways in cell (dummy -- 0/1)0.2945.24\*\*\*0.2754.61\*\*\*0.0460.390.2173.81\*\*\*0.2253.68\*\*\*−0.032−0.26Log of median annual income (thousands of US \$)−0.028−0.790.0510.67−0.109−1.04−0.062−1.69\*0.0150.19−0.110−1.02Bus stops in cell (dummy -- 0/1)0.5078.51\*\*\*0.5138.53\*\*\*−0.250−1.79\*0.4898.08\*\*\*0.4947.99\*\*\*−0.146−1.02Log of employment density (employments/sq.km)0.0866.22\*\*\*0.1086.48\*\*\*−0.016−0.540.0856.07\*\*\*0.0885.15\*\*\*0.0270.89Log of intersection density (intersections/sq.km)−0.013−0.290.3343.66\*\*\*−0.464−3.99\*\*\*−0.064−1.400.1571.67\*−0.334−2.80\*\*\*Log of entropy (0--1)0.5381.630.5091.430.9931.400.8122.42\*\*0.7462.04\*\*0.8881.21Log of student ratio (students/total population)0.4322.11\*\*0.8321.31−0.611−0.840.8133.79\*\*\*0.9931.52−0.360−0.48Log of distance to city center (meters)−0.228−3.17\*\*\*−0.475−0.820.2350.39−0.243−3.33\*\*\*0.1520.26−0.412−0.66rho0.81244.25\*\*\*0.81439.76\*\*\*0.78339.16\*\*\*0.76933.11\*\*\*Nagelkerke Pseudo R^2^0.79200.80070.78400.7894[^1]Table 3Spatial Lag and Spatial Durbin Log-Log regression results for trip destinations.Dependent variable:Log of all arrivals Spatial LagLog of all arrivals Spatial DurbinLog of morning arrivals (7 am -- 10 am) Spatial LagLog of morning arrivals (7 am -- 10 am) Spatial Durbinβ$\theta$β$\theta$Independent:Coef.t-statCoef.t-statCoef.t-statCoef.t-statCoef.t-statCoef.t-stat(intercept)1.5012.46\*\*2.3263.03\*\*\*2.5933.09\*\*\*2.0223.22\*\*\*Log of percent residential land use (0--1)0.7263.45\*\*\*1.4215.12\*\*\*−1.246−2.71\*\*\*1.0013.22\*\*\*0.1480.70−1.456−3.07\*\*\*Log of percent commercial land use (0--1)0.6982.18\*\*1.7354.44\*\*\*−2.674−3.77\*\*\*1.5733.60\*\*\*0.6552.02\*\*−2.401−3.29\*\*\*Log of percent institutional land use (0--1)0.2290.820.1610.450.4980.81−0.288−0.720.0210.07−0.081−0.13Log of percent educational land use (0--1)0.4911.92\*0.5541.600.0650.110.1380.360.5972.30\*\*0.1440.25Log of percent industrial land use (0--1)1.1402.30\*\*1.5442.68\*\*\*−0.986−0.971.5212.36\*\*0.9481.89\*−1.743−1.66\*Log of percent recreation land use (0--1)0.2791.270.3451.22−0.339−0.720.1900.60−0.231−1.04−0.629−1.29Bikeways in cell (dummy -- 0/1)0.2605.03\*\*\*0.2324.25\*\*\*0.0840.770.2253.68\*\*\*0.2003.81\*\*\*−0.013−0.12Log of median annual income (thousands of US \$)−0.021−0.640.0691.00−0.126−1.320.0150.19−0.061−1.79\*−0.106−1.07Bus stops in cell (dummy -- 0/1)0.4177.58\*\*\*0.4207.60\*\*\*−0.226−1.77\*0.4947.99\*\*\*0.3546.36\*\*\*−0.074−0.56Log of employment density (employments/sq.km)0.0745.83\*\*\*0.0956.20\*\*\*−0.012−0.460.0885.15\*\*\*0.0896.85\*\*\*0.0250.90Log of intersection density (intersections/sq.km)0.0070.170.4124.93\*\*\*−0.523−4.90\*\*\*0.1571.67\*−0.070−1.69\*−0.370−3.36\*\*\*Log of entropy (0--1)0.4551.490.5061.550.6380.980.7462.04\*\*0.5911.91\*0.4940.74Log of student ratio (students/total population)0.4042.14\*\*0.9611.65\*−0.810−1.210.9931.520.6303.22\*\*\*0.0270.04Log of distance to city center (meters)−0.221−3.33\*\*\*−0.549−1.030.3170.570.1520.26−0.254−3.67\*\*\*−0.333−0.59rho0.82546.82\*\*\*0.82842.33\*\*\*0.76933.11\*\*\*0.77537.90\*\*\*Nagelkerke Pseudo R^2^0.80140.81150.78940.7985[^2]

The proportion of residential, commercial, educational, and industrial land uses within a cell have a positive association with both the number of departures and arrivals in that cell. Compared to the reference category ("other land uses," which includes cemeteries, transportation-related land use, undeveloped land, water, and unclassified land uses), these land uses are associated with more e-scooter trips. The largest coefficients are for commercial and industrial land uses. These results suggest that e-scooters are more likely to be used in these areas, throughout the day. In our Spatial Durbin model, morning departures are associated with residential land uses but not educational land uses. Morning arrivals are associated with educational land uses but not residential.

If there is a bike lane or path within the cell there is a positive association with e-scooter departures and arrivals. When a bus stop is within the cell, there is likewise a positive association. These effects are positive for the model predicting all trips and for the model predicting trips during morning hours. Employment density is also positive and statistically significant in all models. The median income in the cell is not statistically significant for almost all the models; we examine the spatial variation of median income using our GWR model in the next section. Intersection density is significant and positive only in the Spatial Durbin models. Our entropy variable, which represents land use mix, is statistically significant and positive for AM trips only.

We include the fraction of students living in each area, since the University of Texas is a major part of the city center. Students make up about 9.3% of Austin's total population, but about 26 to 31% of the population in the central area. The average of our student ratio per cell is 16.3%. Associations are positive and significant for both all and morning departures in the Spatial Lag model, for all arrivals in the Spatial Lag model, and for all and morning arrivals in the Spatial Durbin model. This does suggest that students are using e-scooters.

We also control for distance from the central point of the city (defined as the intersection of Congress Avenue and 11th Street). Statistically significant effects are found in the Spatial Lag model for all departures and arrivals, with fewer trips as distance to the city center increases. Distance was not significant in the Spatial Durbin models except for the morning arrivals.

6.1. Geographically weighted regression {#s0035}
---------------------------------------

GWR models estimate the effect of local rather than global independent variable coefficients by including only a limited region for estimating the variable coefficients for each study unit. This can provide some greater insight into the determinants of usage as GWR produces both global and local coefficients, the latter varying by grid cell. We estimated models for two dependent variables -- all arrival trips and morning arrival trips. Given the different model formulation, coefficient estimates cannot be directly compared with our Spatial Lag and Spatial Durbin models. We examined marginal effects and found similar results to those in our prior models; these are omitted for brevity and we focus on the spatial distribution of the coefficient estimates.

Among the 14 independent variables included in the GWR model, we present the results for residential, income, and student ratio in [Fig. 7](#f0035){ref-type="fig"} . Green shading is for positive coefficient values, while red indicates negative values. Insignificant coefficient values (i.e., *p* \> 0.05) are omitted. Residential land use has a positive influence on trip arrivals around the south and the west of the city center, but not in the downtown, the University of Texas campus and its surrounding area. This may imply that people who use the service in this area, do not use it to go home or live in a mixed land-use area, or in mixed-use developments (defined in our dataset as commercial land use). In the morning model, however, residential land use is negatively associated with trip arrivals across the city center.Fig. 7GWR results for all and morning arrivals. All the presented values are significant (p \< 0.05).

Income coefficient patterns are generally similar in both models, although income was significant only in the morning arrivals Spatial Durbin model. The central, northern and western parts of the city center are more affluent, and the eastern part is less affluent. In addition, the median income around the University of Texas is very low, while the student ratio is very high. In both models, the e-scooter usage in the northern and western part of the city center is negatively associated with median income -- higher income is associated with fewer trip arrivals and lower income is associated with more trip arrivals. The southeast is an exception with higher income associated with more trip arrivals, but not for morning trips.

The coefficient on the fraction of students in the population (student ratio) is relatively similar in both models. The student ratio exceeds 25% around the University of Texas and the northern part of the city center, and also in Pleasant Valley in the eastern part of Riverside. The GWR results show that areas with more students in the northeastern part generate more trips, and areas with fewer students in the western part, where the student ratio is relatively low, generate more trips. The difference between the models suggests that students are probably a major source of usage and imply that many of the morning trips are students.

The spatial distribution of other coefficients, not presented in [Fig. 7](#f0035){ref-type="fig"}, provide some additional insights. In general, land use variables seems to have greater influence in areas where they are scarcer. This is also true for bikeways, population density, and bus stops, but not for other variables. Unlike the Spatial Lag and Spatial Durbin results, distance from the CBD has a stronger effect for all the arrival trips rather than for morning trips. In both GWR models, distance from the CBD seems to be less important for those using the service in the northern part of the city center.

6.2. Variation in the coefficients for income {#s0040}
---------------------------------------------

The GWR analysis indicates that the coefficient estimates for median annual income vary throughout the city. Bikesharing services have long struggled to serve low socio-economic populations, and cities have had difficulty engaging populations in low-income areas ([@b0060]). The Spatial Lag results show that income is not a significant predictor for general e-scooter sharing trips. However, the influence of income varies throughout the city center and for weekday morning trips. Our GWR analysis allows us to examine the spatial variation in income coefficients; we then regress those coefficients on the same spatial factors to examine how the income coefficient (or sensitivity of response) varies with those factors.

The purpose of this analysis is to determine why there is spatial variation in income coefficients. What are the underlying spatial factors that lead to larger marginal effects in some areas of the city and lower marginal effects (or even negative) in other parts of the city? We are not aware of other studies of shared services examining the source of this variation.

In order to understand what is associated with income having a positive or negative effect on e-scooter use, we regressed the income coefficients of both GWR models. We set insignificant coefficients to zero for this analysis. We used a linear regression with the same independent variables used for the Spatial Lag model, including median income. The results are in [Table 4](#t0020){ref-type="table"} .Table 4Linear regression results for the GWR income coefficients.Dependent: Income coefficient in GWR Arrivals -- allDependent: Income coefficient in GWR Arrivals -- morningsIndependent:Estimatet-statEstimatet-stat(Intercept)−2.63E−03−2.81\*\*\*2.59E−034.25\*\*\*Percent residential land use (0--1)−4.06E−03−5.21\*\*\*−3.15E−03−6.21\*\*\*percent commercial land use (0--1)−4.07E−03−3.16\*\*\*−3.99E−03−4.76\*\*\*Percent institutional land use (0--1)−7.77E−04−0.67−1.93E−03−2.57\*\*Percent educational land use (0--1)−1.38E−03−1.34−1.68E−03−2.51\*\*Percent industrial land use (0--1)8.55E−033.82\*\*\*4.19E−032.88\*\*\*Percent recreation land use (0--1)−5.25E−03−6.15\*\*\*−3.54E−03−6.38\*\*\*Bikeways in cell (dummy -- 0/1)2.00E−040.72−9.64E−05−0.53Median annual income (thousands of US \$)−3.59E−05−7.93\*\*\*−3.81E−05−12.93\*\*\*Bus stops in cell (dummy -- 0/1)−2.63E−04−0.89−6.72E−05−0.35Employment density (employments/sq.km)−4.74E−10−0.13−1.32E−09−0.54Intersection density (intersections/sq.km)3.59E−055.82\*\*\*9.90E−062.47\*\*Entropy (0--1)3.04E−032.44\*\*1.85E−032.27\*\*Student ratio (students/total population)−1.46E−03−1.94\*−3.77E−03−7.70\*\*\*Distance to city center (meters)6.24E−074.01\*\*\*−5.79E−07−5.72\*\*\*[^3]

All land uses have a negative influence on the income coefficient except industrial land uses, which have a positive influence. In cells with more residential land use, for example, the income coefficient is lower, i.e. lower income is associated with more trips. Income itself also negatively affects the income coefficient -- as income in an area rises, the association between income and e-scooter usage becomes more strongly negative. This effect is stronger for all the arrival trips, rather than the morning trips. Entropy positively affects the coefficient; hence, the higher the mix of land uses, the higher the usage in high-income areas. This suggests that high earners in mixed-use neighborhoods are different from high earners in neighborhoods that are more residential in character; the former are more likely to use e-scooters than are the latter, all else equal. We find something similar for students: low-income neighborhoods that are home to a lot of students see more trips than do low-income neighborhoods with fewer students.

7. Discussion and conclusions {#s0045}
=============================

Our study examined travel behavior patterns of shared e-scooter use in Austin, Texas. We found that people use e-scooters almost exclusively in central Austin, mainly in and around downtown Austin and the University of Texas, similar to the findings of previous studies ([@b0025], [@b0155]).

Descriptive data suggest that commuting is not the main trip purpose for shared e-scooter users in Austin. The hourly weekday trip distribution does not show a two-peak pattern, during morning and evening commuting times, but rather displays a long afternoon plateau. Moreover, the average daily usage is higher on weekends and holidays. This suggests that users mainly use e-scooters for purposes other than commuting, similar to shared e-scooters in other cities ([@b0185], [@b0195], [@b0225]). Other studies have suggested that most trips are recreational ([@b0025], [@b0185], [@b0195]), however we found that e-scooter usage is less likely to start and end in recreational areas, and more likely to do so in residential, commercial and industrial areas.

Usage of e-scooters is associated with areas with high employment rates, and in areas with bicycle infrastructure, compatible with the findings of many bikesharing studies ([@b0045], [@b0055], [@b0085], [@b0095], [@b0090], [@b0105], [@b0140], [@b0170], [@b0175], [@b0180], [@b0280], [@b0305], [@b0310], [@b0325]). This implies that more bicycle infrastructure may increase e-scooter usage.

Trip origins and destinations are also associated with bus stop locations, suggesting that people may link e-scooter and bus trips. However a deeper investigation of this matter in Austin found that e-scooter users do not link trips with transit ([@b0330]). Income does not affect the general usage but does affect morning trips -- the lower the income in the area, the more departures and arrivals take place on weekday mornings. Finally, distance to the CBD matters in the morning models; morning trips are more concentrated around the center of Austin's core.

Results from our models suggest that e-scooter trips are taking place around most types of land uses in Austin, TX. Surprisingly, the many government offices in Texas' capital, represented as "institutional" in our model, did not produce as many e-scooter trips as other places in central Austin.

Many e-scooter operators and advocates wish to encourage increased use among lower-income populations. Our findings show that in central Austin, people use shared e-scooters regardless of the affluence of the neighborhood. This does not provide evidence of who is using e-scooters, but does suggest that they are broadly used throughout different neighborhoods. Our GWR modeling results show that in most of the city center usage is higher in less affluent areas. However, these areas are populated with students who likely have lower incomes, but not low socio-economic status. This point is further strengthened in our analysis of the spatial variation of income's effect on scooter usage; in areas with more students, the association between lower incomes and e-scooter usage is stronger. This suggests that e-scooter sharing services can work well in college towns or on campuses. However, efforts are needed to increase usage in areas with lower incomes.

One limitation is that we do not have information on how e-scooter companies deploy and reposition their fleets. This may affect usage in lower income areas if fewer e-scooters are deployed to these neighborhoods. It would not be unsurprising if e-scooter operators deploy their vehicles in neighborhoods with larger student populations but not in low-sociodemographics neighborhoods, although we have no information or evidence regarding this.

Our study is limited to assessing the spatial patterns and associations of shared e-scooters in Austin. It does not include information regarding users, their demographics, or their motivations. These can only be implied from our data which is aggregate areal demographic data, land use, and median income. Moreover, we cannot assume that users live in the location of their trip origin or destination. This is clearly an area for more research. Other limitations include the spatial accuracy of trip origins and destinations. GPS devices have an accuracy of about 5 m but are not free of errors. While we cleaned our dataset, errors in location data may remain.

Shared e-scooters are a new mode of transportation and if successful can provide an environmentally friendly mode that serves many needs. Our study sheds light on how they are being used in one city, Austin, Texas. Patterns of usage may differ depending on the demographics, road networks, transit availability, and spatial patterns of different cities. Non-commuting e-scooter utilitarian trips appear high in Austin. However, whether shared e-scooters can reduce car usage and benefit the environment is yet to be determined.
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Usage has plummeted since Austin implemented a city-wide lockdown in response to the COVID-19 pandemic; usage dropped from about 10,000 trips per day to less than 300.

In mid-April 2019, the geo-coded location data was removed and replaced with Census tract identifiers for each trip.

The modifiable areal unit problem (MAUP) illustrates the possible bias than can be caused by a different division of the same area. Different spatial units (polygons) have different attributes even if they characterize the same region. These characteristics could affect the results which are dependent on the choice of spatial units ([@b0315]).

[^1]: Note: reference category for land use is "other"; 'bikeways' refers to both on-street bike lanes and off-road bike paths; \* p \< 0.10, \*\* p \< 0.05, \*\*\* p \< 0.01.

[^2]: Note: reference category for land use is "other"; 'bikeways' refers to both on-street bike lanes and off-road bike paths; \* p \< 0.10, \*\* p \< 0.05, \*\*\* p \< 0.01.

[^3]: Note: reference category for land use is "other"; bikeways refers to both on-street bike lanes and off-road bike paths; \* p \< 0.10, \*\* p \< 0.05, \*\*\* p \< 0.01.
